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The Dzyaloshinskii-Moriya Interaction (DMI) has recently attracted considerable interest ow-
ing to its fundamental role in the stabilization of chiral spin textures in ultrathin ferromagnets,
which are interesting candidates for future spintronic technologies. Here we employ a scanning
nano-magnetometer based on a single nitrogen-vacancy (NV) defect in diamond to locally probe
the strength of the interfacial DMI in CoFeB|MgO ultrathin films grown on different heavy metal
underlayers X=Ta,TaN, and W. By measuring the stray field emanating from DWs in micron-long
wires of such materials, we observe deviations from the Bloch profile for TaN and W underlayers
that are consistent with a positive DMI value favoring right-handed chiral spin structures. More-
over, our measurements suggest that the DMI constant might vary locally within a single sample,
illustrating the importance of local probes for the study of magnetic order at the nanoscale.
I. INTRODUCTION
The search for a medium that allows high information
storage density combined with low power consumption,
has motivated the study of low dimensional magnetic sys-
tems [1–4]. In such materials, lowered symmetry gives
rise to a new category of dominating interactions, whose
interplay leads to exotic magnetization patterns [5, 6].
One example of such systems are magnetic thin film mul-
tilayers lacking inversion symmetry, which give rise to the
Dzyaloshinskii-Moriya interaction (DMI) [7–9], an anti-
symmetric exchange interaction occurring at the inter-
face between a ferromagnetic layer and a heavy metal
substrate with large spin-orbit coupling. In ultrathin
magnetic wires, interfacial DMI plays a fundamental role
in the stabilization of chiral spin textures, leading to spin
spirals [10, 11], homochiral Ne´el domain walls (DWs) [12–
14] and magnetic skyrmions [15–20]. Since these chiral
spin textures are at the heart of a number of emerging
applications in spintronics [2–4], it is crucial to quan-
tify precisely the DMI strength in ultrathin ferromagnetic
heterostructures. Such measurements would help to bet-
ter understand the microscopic origin of interfacial DMI
with the goal of controlling its strength by engineering
optimized magnetic materials [21].
A large number of experiments to date have relied on
the analysis of DW motion under magnetic fields [22, 23]
and currents [24–27] to determine the strength of the
DMI in ultrathin ferromagnetic films. However, such
methods rely heavily on assumptions concerning the in-
ternal spin structure of the DW and its dynamics, ow-
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ing to the large number of spin torques involved in the
DW dynamics [28] as well as the influence of pinning ef-
fects in the creep regime [29, 30]. It was recently demon-
strated that direct measurements of the DMI strength
can be obtained by monitoring the non-reciprocal propa-
gation of spin waves with Brillouin light spectroscopy in
the Damon-Eshbach geometry [31–34]. Although accu-
rate, these measurements are always averaged over length
scales of several microns, and thus can not be used to in-
vestigate local variations of the magnetic properties.
An alternative strategy consists in measuring the inner
structure of DWs with the aim of observing the transi-
tion from a Bloch to a Ne´el configuration induced by
the DMI [11–13]. In this context, it was recently shown
that the nature of DWs in ultrathin ferromagnets can be
inferred through quantitative stray field measurements
with an atomic-sized magnetometer based on a single
nitrogen-vacancy (NV) defect in diamond [35]. This tech-
nique, which operates under ambient conditions, enables
direct measurements of the DW structure, without mak-
ing any assumptions on its dynamics.
In this Letter, we use scanning NV-magnetometry to
measure the strength and sign of DMI in perpendicularly
magnetized X|CoFeB|MgO heterostructures. The heavy
metal underlayer (X) is changed from Ta, TaN to W in or-
der to study how the DMI strength evolves while modify-
ing the ferromagnet/metal interface. Our results clearly
indicate that the DMI is significantly enhanced when the
Ta underlayer is replaced by W, leading to right-handed
Ne´el walls. Our work also suggests that modifications of
the underlayer thickness in the nanometer range do not
translate into significant changes of the DMI strength, as
expected for an interfacial effect. Finally, we reveal lo-
cal modifications of the magnetic properties, which might
result from inhomogeneities of the DMI strength in ul-
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2trathin ferromagnets.
The paper is organized as follows. In Section II, we
first introduce the general principle of the experiment by
showing how stray field measurements above a DW en-
able us to infer its inner structure, and thus the strength
and the sign of DMI. We then describe in Section III
how the DMI evolves while changing the heavy metal un-
derlayer (X=Ta,TaN,W) in X|CoFeB|MgO heterostruc-
tures. In Section IV, the experimental results obtained
with scanning-NV magnetometry are finally compared to
those obtained with other methods based either on DW
motion or Brillouin light spectroscopy in the same sys-
tems.
II. PRINCIPLE OF THE EXPERIMENT
We consider a DW in a thin ferromagnetic film with
perpendicular magnetic anisotropy grown on top of a
heavy metal substrate possessing a large spin-orbit cou-
pling. In such a geometry with broken inversion symme-
try, the strength of interfacial DMI can be large enough
to modify the inner structure of the DW. The latter is
characterized by the angle ψ between the in-plane DW
magnetization and the x-axis perpendicular to the DW
[Fig. 1(a)]. For a Bloch DW, ψ = ±pi/2 and the mag-
netization rotates as a spiral while crossing the DW. A
Ne´el DW rather corresponds to ψ = 0 or pi, leading to
a cycloidal rotation of the magnetization. In both cases,
the two possible values of ψ gives the chirality (right or
left) of the DW [Fig. 1(a)].
The interplay between the DW structure and DMI can
be simply inferred by considering the surface energy den-
sity σ [J/m2] of the DW, which can be expressed as [22]
σ = 4
√
AKeff +
µ0M
2
s t ln 2
pi
cos2 ψ − piD cosψ . (1)
Here A is the exchange constant, Keff is the effective
anisotropy, Ms is the saturation magnetization, t is the
thickness of the magnetic layer and D is the micromag-
netic DMI constant. The DW structure is obtained by
minimizing the DW energy with respect to ψ, leading to
ψ =

0 if D > Dc
±acos
[
D
Dc
]
when |D| ≤ Dc
pi if D < −Dc ,
(2)
where Dc = 2µ0M
2
s t ln 2/pi
2 .
In the limit |D|  Dc, a Bloch DW is obtained
(ψ = ±pi/2). Conversely, if |D| ≥ Dc, the DMI strength
is large enough to fully stabilize the DW into a Ne´el con-
figuration, with a chirality fixed by the sign of D. In
intermediate regimes, D < Dc, the DW moments reori-
ent gradually towards the Bloch configuration as the DMI
strength decreases.
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FIG. 1. Principle of the experiment. (a) A scanning-
NV magnetometer is used to measure the stray field Bψ pro-
duced by a DW in a perpendicularly magnetized ferromag-
netic wire (black arrows). The bottom panels show top views
of the magnetization for various DW structures, character-
ized by the angle ψ between the in-plane magnetization (red
arrows) and the x-axis. (b) Stray field component Bψx (x) cal-
culated for different values of the DMI strength, correspond-
ing to different ψ angles. The calculation is performed at a
distance d = 100 nm from a magnetic layer with thickness
t = 1 nm, saturation magnetization Ms = 1 MA/m and DW
width ∆ = 20 nm. With these parameters Dc = 0.17 mJ/m
2.
(c) Scanning electron microscope (SEM) image of the sample
used in this work, showing magnetic microwires and the gold
stripline (yellow color) used both for DW nucleation and as a
microwave antenna for scanning-NV magnetometry.
It was recently shown that the DW structure, and thus
the DMI strength, can be determined through quantita-
tive measurements of the stray magnetic field above the
DW [35, 36]. Considering a one-dimensional (1D) model
with an infinitely long DW along the y axis [Fig. 1(a)],
3the stray field can be written [35]
Bψ(x) = B⊥(x) +B‖(x) cosψ , (3)
where B⊥ (resp. B‖) results from the variation of the
out-of-plane (resp. in plane) magnetization while cross-
ing the DW along the x direction. The stray field com-
ponents at a distance d above the DW located at x = 0
are given by

B⊥x (x) =
µ0Mst
pi
d
x2 + d2
B⊥z (x) = −
µ0Mst
pi
x
x2 + d2
(4)
and 
B‖x(x) =
1
2
µ0Mst∆
x2 − d2
(x2 + d2)2
B‖z (x) = µ0Mst∆
xd
(x2 + d2)2
,
(5)
where ∆ =
√
A/Keff is the DW width parameter. We
note that these simple analytic formula are valid for
d  (∆, t) [35]. Figure 1(b) shows the stray field com-
ponent BΨx (x) calculated for different values of D at a
distance d = 100 nm above the DW. This graph illus-
trates how local stray field measurements enable to infer
the inner structure ψ of the DW, from which the sign and
the strength of DMI can be extracted. More precisely, a
value of D can be obtained as long as |D| ≤ Dc. In ul-
trathin ferromagnets (t < 1 nm), Dc is typically in the
range of 0.2 mJ/m2. The method is therefore sensitive
to weak DMI strength. If |D| ≥ Dc, the DW is fully
stabilized in the Ne´el configuration (ψ = 0, pi) and stray
field measurements can only give the sign of DMI and a
lower bound on D.
The effectiveness of this method was recently demon-
strated through quantitative magnetic field imaging with
a scanning-NV magnetometer [35]. In this experiment,
a diamond nanocrystal hosting a single NV defect is
grafted at the apex of an atomic force microscope (AFM)
and scanned above a DW in a thin ferromagnetic wire
[Fig. 1(a)]. At each point of the scan, the stray mag-
netic field is measured with a typical sensitivity of
10 µT.Hz−1/2, by recording the Zeeman shift ∆fNV of
the NV defect electronic spin sublevels through optical
detection of the magnetic resonance [37]. In the weak
magnetic field regime (< 5mT), the Zeeman shift follows
∆fNV ≈
√
(γeBNV/2pi)2 + E2 , (6)
where γe/2pi ≈ 28 GHz/T is the electron spin gyromag-
netic ratio, E is the transverse zero-field splitting param-
eter of the NV defect, which is typically in the range of
few MHz, and BNV is magnetic field projection along the
NV defect quantization axis uNV [38]. This axis can be
precisely measured independently by recording ∆fNV as
a function of a calibrated magnetic field. Scanning-NV
magnetometry then provides quantitative magnetic field
distributions above DWs in thin ferromagnets, which can
be directly compared with micromagnetic calculations in
order to extract the inner structure of the DW.
We now briefly discuss the accuracy of this method.
As illustrated by Eqs. (4) and (5), the stray field distri-
bution above the DW strongly depends on d, Mst and ∆.
Any imprecisions on these parameters directly translates
into uncertainties on the measurement of the angle ψ, and
thus of the DMI strength. The surface density of mag-
netic moments Mst and the distance d to the magnetic
layer can be measured with high accuracy by recording
the magnetic field distribution across the edge of an uni-
formly magnetized ferromagnetic wire [39]. Such a cal-
ibration experiment is always performed before measur-
ing the stray field distribution above the DW. The main
source of uncertainties then comes from the imperfect
knowledge of the DW width, ∆ =
√
A/Keff . In this ex-
pression, although the effective anisotropy Keff can be
measured with high precision, the exchange constant A
has so far been difficult to determine accurately in ultra-
thin films. For instance, measurements of this parameter
vary from A ≈ 10 pJ/m to A ≈ 30 pJ/m in ultrathin
CoFeB layers [40]. This is the main source of uncertainty
in the measurement of the DW structure. More details
about the uncertainty analysis can be found in Ref. [35].
III. RESULTS
In this work, we use scanning NV-magnetometry
to investigate the variations of the strength and sign
of the DMI induced by modifications of the heavy
metal underlayer (X) in perpendicularly magnetized
X|CoFeB(1nm)|MgO heterostructures. We consider
three different underlayers X=Ta, TaN and W. The
films were deposited by magnetron sputtering on a
Si|SiO2(100 nm) wafer and magnetic microwires were
then patterned onto the samples by using a combination
of e-beam lithography and ion milling. A second step of
e-beam lithography was finally performed in order to de-
fine a gold stripline, which is connected to a microwave
generator and serves as an antenna to record the Zee-
man shift of the NV defect magnetometer [38]. This gold
stripline was also used to nucleate DWs in the microwires
through the Oersted field produced by a current pulse.
The geometry of the sample is shown in Fig. 1(c) and
a summary of the magnetic heterostructures studied in
this work is given in Table 1. Note that the stoichiomet-
ric composition of CoFeB is different for the sample with
a Ta underlayer film and that with TaN and W under-
layers.
We start by examining Ta as the metal underlayer.
Sample A is a Ta(5nm)|CoFeB(1nm)|MgO(2nm) trilayer
stack [Fig. 2(a)]. A typical distribution of the Zeeman
shift ∆fNV recorded with scanning-NV magnetometry
above a DW in a 1.5-µm-wide wire is shown in Fig. 2(c),
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FIG. 2. Ta as heavy metal underlayer. (a) Sketch of
sample A. (b) AFM image and (c) corresponding Zeeman-
shift distribution recorded by scanning the NV magnetome-
ter above a DW isolated in a 1.5-µm-wide wire of sample A.
Scale bar: 500 nm. (d) Linecut extracted from the white
dashed line in (c). The markers are experimental data and
the solid lines are the theoretical predictions for a Bloch (red),
a Ne´el left (blue) and a Ne´el right (green) DW structure. The
shaded areas include all the uncertainties in the theoretical
predictions, which are dominated by uncertainties on the ex-
change constant A (see main text). The quantization axis
of the NV defect uNV is characterized by the spherical an-
gles (θ = 62◦, φ = −25◦) in the laboratory frame of reference
(x, y, z), the probe-to-sample distance is d = 123± 3 nm and
Mst = 930± 30 µA. We note that the Zeeman shift does not
fall to zero far for the DW, because of the transverse zero-field
splitting parameter of the NV defect E [see Eq. (6)].
together with the simultaneously recorded AFM image
[Fig. 2(b)]. In order to extract the DW structure, the
magnetic field distributions calculated with Eq. (3) were
first converted into Zeeman shift distributions while tak-
ing into account the NV defect quantization axis, and
then compared to the experimental data [35]. A typical
linecut of the magnetic field distribution across the DW
is shown in Fig. 2(d) together with the theoretical predic-
tions for various DW structures. Here the experimental
data are very well reproduced with a purely Bloch-type
DW structure. This result indicates that DMI can be
safely neglected in a Ta|CoFeB(1nm)|MgO trilayer stack,
as already reported in previous studies [27, 35].
It was recently shown that the magnetic properties of
ultrathin CoFeB films can be significantly modified by
doping the Ta underlayer with nitrogen. Such a doping
leads to an enhanced interface perpendicular magnetic
anisotropy [41]. In addition, current-driven DW motion
experiments have suggested that the DMI strength could
also be enhanced by using a TaN underlayer [27]. In the
following, we analyze the effect of nitrogen doping on the
DMI strength by measuring the structure of DWs in Sam-
ple B, a TaN0.7%(4nm)|CoFeB(1nm)|MgO(2nm) trilayer
stack [Fig. 3(a)]. The TaN underlayer was formed by
mixing N2 gas into the Ar gas atmosphere during sput-
tering of Ta. Here the ratio between the N2 (SN2) and
the Ar (SAr) gas flows is Q = SN2/(SN2 + SAr) = 0.7%,
which results in an atomic composition of Ta48N52. The
film was finally post-annealed at 300◦C for one hour in
vacuum. The magnetic field distribution recorded with
scanning-NV magnetometry above a DW nucleated in a
1-µm-wide magnetic wire of sample B is shown in Fig.
3(b). Comparison with theoretical predictions indicates
a small deviation of the DW structure towards a right-
handed Ne´el configuration [Fig. 3(c)]. This result con-
firms that the DMI strength is slightly enhanced through
nitrogen doping of the Ta underlayer. The experimen-
tal data are well reproduced for a DW structure with
ψ = 75 ± 5◦, corresponding to a positive DMI strength
D = 0.03 ± 0.01 mJ/m2. Similar results were obtained
for two other DWs in Sample B. We note that this value
is one order of magnitude smaller than the one inferred
by Torrejon et al. in the same sample through current-
driven DW motion experiments [27]. This discrepancy is
attributed to the difficult interpretation of DW motion
experiments [22, 29], which require strong assumptions
on the DW dynamics in order to quantify the current-
induced spin torques at play [see Section IV for a detailed
discussion]. Scanning-NV magnetometry rather provides
a direct measurement of the DMI strength, with a DW
at rest.
We then investigate the effect of the TaN under-
layer thickness on the DMI strength. Current-induced
DW motion experiments have indicated modifications
of DMI with the TaN thickness [27], which could ap-
pear surprising owing to the interfacial origin of DMI.
In order to check these results, scanning-NV mag-
netometry was used to image DWs in Sample C, a
TaN0.7%(1 nm)|CoFeB(1 nm)|MgO(2 nm) stack [Fig.
3(d)]. Here the TaN thickness is reduced to 1 nm. A typ-
ical magnetic field distribution recorded above a DW in a
1-µm-wide wire of Sample C is shown in Fig. 3(e). Com-
parison with theoretical predictions reveals once again a
deviation of the DW structure towards the right-handed
Ne´el configuration (ψ = 70±5◦), which corresponds to a
DMI strength D = 0.06± 0.02 mJ/m2 [Fig. 3(f)]. Simi-
lar results were inferred from two other DWs in Sample
C. This value is close to the one measured in Sample B
with a 4-nm-thick TaN underlayer. We therefore con-
clude that the modification of the underlayer thickness
does not translate into a significant change of the DMI
strength for these particular samples. This is in good
agreement with the interpretation of the DMI as a sur-
face interaction occurring at the interface between the
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FIG. 3. Effect of nitrogen doping of the Ta underlayer. (a) Sketch of Sample B. (b) Zeeman-shift distribution recorded
by scanning the NV magnetometer above a DW isolated in a 1-µm-wide wire of sample B. Scale bar: 500 nm. (c) Linecut
extracted from the white dashed line in (b). The data (markers) are well reproduced by a DW structure with ψ = 75◦ (black
solid line). The quantization axis of the NV defect uNV is characterized by the spherical angles (θ = 117
◦, φ = 12◦) in the
laboratory frame of reference (x, y, z), the probe-to-sample distance is d = 61 ± 6 nm and Mst = 800 ± 80 µA. (d) Sketch of
Sample C with a 1-nm-thick TaN underlayer. (e) Zeeman-shift distribution above a DW isolated in a 1-µm-wide wire of sample
C. Scale bar: 500 nm. (f) Linecut extracted from the white dashed line in (e). The probe-to-sample distance is d = 80± 5 nm
and Mst = 1040± 50 µA. In (c) and (f), the shaded areas include all the uncertainties in the theoretical predictions.
heavy metal substrate and the magnetic layer. In con-
trast, we note that the value of the magnetic moment
density Mst changes by ∼ 20%.
The last underlayer considered is W, in Sample D,
a W(1nm)|CoFeB(1nm)|MgO(2nm) trilayer stack, which
was post-annealed at 300◦C for one hour in vacuum [Fig.
4(a)]. The magnetic field distributions recorded above
three different DWs in 1-µm-wide wires of this sam-
ple are presented in Figs. 4(b)-(d). The first DW is
fully stabilized in the right-handed Ne´el configuration
[Fig. 4(b)]. In this case, a lower bound can be set to
the DMI constant D > Dc = 0.12 mJ/m
2, in good agree-
ment with the results obtained though current-induced
DW motion experiments in the same system [27]. The
second DW also exhibits a right-handed Ne´el configura-
tion within the uncertainty of our technique [Fig. 4(c)].
However, in the case of the third DW, the magnetic field
distribution clearly indicates a DW structure lying be-
tween the Bloch and the right-handed Ne´el configura-
tions [Fig. 4(d)]. Here, the magnetic field distribution
is well reproduced for ψ = 66 ± 5◦, corresponding to
D = 0.05± 0.02 mJ/m2.
Such a discrepancy between experimental results ob-
tained in different areas of Sample D can have different
origins. First, it could originate from local variations of
the saturation magnetization Ms. However, such varia-
tions would lead to localized stray field components, as
reported in Ref. [39]. Since these features were not ob-
served in our experiment, inhomogeneities in the mag-
netic moment density Ms can be excluded. Other possi-
bilities are spatial variations of the effective anisotropy
Keff and/or the exchange constant A. Although Dc,
hence ψ, would not be affected by such variations, it
would however lead to a change of the DW width ∆,
and therefore of the stray field component B‖ resulting
from the variation of the in-plane component of the mag-
netization [see Eq. (5)]. For example, the difference in
stray field between a Bloch and a Ne´el-type wall would be
reduced for a thinner DW. The data shown in Fig. 4(d)
could then be explained if the DW width is reduced by
roughly a factor of 2. This is quite unexpected owing to
the good homogeneity of Ms in the sample. Furthermore
such a variation in ∆ would lead to large variations on
the DW energy, which would create strong pinning sites
for the DW. This is not consistent with the low depinning
fields observed in DW motion experiments in the same
trilayer system [42]. Another possible reason explain-
ing the discrepancy between the experimental results is
a spatial variation of the DMI strength in the sample.
This variation of D could result from local modifications
of the interface between the heavy-metal substrate and
the magnetic layer, which is highly probable in a sam-
ple deposited by sputtering. These experiments illustrate
how scanning-NV magnetometry enables measuring local
modifications of the magnetic properties in ultrathin fer-
romagnets, which would be averaged out by using global
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FIG. 4. W as heavy metal underlayer. (a) Sketch of Sample D. (b) to (d) Magnetic field distributions recorded above
three different DWs nucleated in 1-µm-wide wire of Sample D. Scale bar: 500 nm. The linecuts are extracted from the white
dashed line in (b), (c) and (d). The shaded areas include all the uncertainties in the theoretical predictions. The quantization
axis of the NV defect uNV is characterized by the spherical angles (θ = 110
◦, φ = 12◦) in the laboratory frame of reference
(x, y, z), the probe-to-sample distance is d = 114± 10 nm and Mst = 820± 100 µA. We note that the tilt angle of the DW is
taken into account in the theoretical predictions [35].
techniques like Brillouin light spectroscopy [34].
We have conclusively demonstrated that the DMI is
significantly increased when the Ta underlayer is replaced
by W in perpendicularly magnetized X|CoFeB|MgO het-
erostructures. The DMI can even be strong enough to
fully stabilize the DWs onto the right-handed Ne´el con-
figuration. We note that by changing the interface to
Pt/Co, it was recently demonstrated that the sign of
DMI can be reversed and the DWs then exhibit a left-
handed Ne´el structure (D < −0.1 mJ/m2) [35]. These
experiments, which are summarized in Table 1, directly
demonstrate how the strength and the sign of DMI can
be tuned by engineering the interface between the heavy
metal substrate and the ferromagnetic layer.
IV. DISCUSSION
In this section, we discuss other methods that can be
used to measure DMI in ultrathin ferromagnetic het-
erostructures, and analyze their advantages and draw-
backs with respect to scanning-NV magnetometry.
The DMI can be seen as an effective in-plane chiral field
µ0HDMI = D/Ms∆ acting on the DW. A well-established
way to infer HDMI, and thus the DMI strength, is based
on current-driven DW motion under applied magnetic
fields [24, 26, 27]. In these experiments, HDMI is deter-
mined by measuring the longitudinal field HL at which
the DW velocity goes to zero. The interpretation of the
results requires to consider at least four different current-
induced spin torques in the DW dynamics: the adiabatic
and nonadiabatic torques related to spin-polarized cur-
rent flow in the ferromagnetic layer, and the spin Hall
and Rashba torques resulting from the current flow in the
heavy metal substrate or at the heavy-metal/ferromagnet
interface. These torques remain difficult to quantify pre-
cisely in experiments [28]. Furthermore, even if their
relative strengths were known, one would also require
detailed knowledge of how much of the electrical cur-
rent flows in each of the metallic layers in the stack - a
challenging current-in-plane problem from both experi-
mental and theoretical points of view. Finally, the one-
7Name Sample composition
Ms
[A/m] · 105
∆
[nm]
DW
structure
D
[mJ/m2]
A Ta(5nm)|Co40Fe40B20(1nm)|MgO(2nm) 9.3 ± 0.3 20 ± 5 Bloch 0 ±0.01
B TaN0.7%(4nm)|Co20Fe60B20(1nm)|MgO(2nm) 8.0±0.8 8 ± 2 Blocha 0.03 ± 0.01
C TaN0.7%(1nm)|Co20Fe60B20(1nm)|MgO(2nm) 10.4 ±0.5 8 ± 2 Blocha 0.06 ± 0.02
D W(1nm)|Co20Fe60B20(1nm)|MgO(2nm) 8.2 ± 1 10 ± 2.5 Ne´el-rightb D >0.12
E [35] Pt(3nm)|Co(0.6nm)|AlOx(2nm) 11.2 ±0.3 6 ±1.5 Ne´el-left D <-0.1
TABLE I. Overview of the samples studied in this work. The saturation magnetization Ms is measured with scanning-NV
magnetometry following the procedure described in Ref. [39]. The DW width parameter ∆ is obtained by using measurements
of Keff with vibrating sample magnetometry and assuming an exchange stiffness A = 22± 10 pJ/m [43]. The strength and the
sign of DMI is calculated from Eq. (2) using the measured angle ψ. Sample E was measured in a previous study [35].
a slight deviation towards a right-handed Ne´el wall.
b deviations within different DWs in the sample.
dimensional model used to evaluate DMI may not fully
represent the current and field driven motions of DWs. In
particular, the in-plane field dependence of DW velocity
found experimentally does not agree well with that pre-
dicted by the model for samples with strong pinning [27],
which may influence the estimation of DMI. Determining
the DMI field from current-driven DW motion is there-
fore prone to large uncertainties.
The effective DMI field can also be inferred through
field-driven DW motion. Although current-induced spin
torques are not involved in this method, it still relies on
the analysis of the DW dynamics. For dynamics under
large fields, where the wall is driven into steady state
motion, it is known that strong deformations in the lat-
eral DW profile can appear in perpendicular anisotropy
materials with weak damping. The wall structure then
becomes jagged in the precessional regime where the pre-
cessing magnetization leads to dynamical Bloch and Ne´el
wall states. This results in an anomalous behavior in the
wall velocity versus field curve [43, 44]. If one were to in-
terpret these curves with a standard one-dimensional wall
model, one might mistakenly attribute the anomalous be-
havior to some fictitious internal field, which would be
erroneous. As such, wall motion under fields alone can
also be fraught with complications linked to the precise
description of DW dynamics [29]. On the other hand
in the creep regime, where the wall is pinned and mo-
tion occurs via thermal activation, the key parameter
is the domain wall energy. Again, a number of strong
assumptions are made to translate asymmetries in the
wall velocities under applied fields to the DMI. Despite
these general caveats, we remark here that recent mea-
surements of the DMI strength obtained from domain
wall creep gave similar results to those obtained in this
work with scanning-NV magnetometry for the same sam-
ples [42]. We note that for both methods, the accuracy of
the measurement is limited by the imperfect knowledge
of the DW width parameter ∆.
Another strategy to determine the DMI strength relies
on direct imaging of the magnetization at the wall posi-
tion. This can be achieved either by spin-polarized scan-
ning tunnelling microscopy [11] or by spin-polarized low-
energy electron microscopy [13]. However, these tech-
niques, which require highly complex experimental ap-
paratus with ultrahigh vaccum and a dedicated sample
preparation, can hardly be used to study practical spin-
tronic devices. Direct imaging of the DW structure can
also be realized with photoemission electron microscopy
combined with X-ray magnetic circular dichroism. This
method was recently used to measure the chirality of
magnetic skyrmions in ultrathin Pt|Co|MgO nanostruc-
tures [19]. Finally, the wall structure can be directly
inferred through stray field imaging with a scanning-NV
magnetometer, as reported in this work. This technique
operates under ambient conditions and can be used to
estimate the DMI strength in any type of ultrathin ferro-
magnetic heterostructures, without making assumptions
on the DW dynamics. This is an important advantage
of this method. The drawback is the limited range of
DMI strength that can be measured. Indeed, as soon as
|D| ≥ Dc the DW is fully stabilized in the Ne´el config-
uration and only a lower bound for D can be extracted.
This a common drawback of all the methods based on
direct imaging of the DW structure.
All the above-mentioned techniques rely on the study
of DWs nucleated in ultrathin ferromagnets. These DWs
are always stabilized at pinning sites, which result from
structural defects of the magnetic structure that locally
lower the energy cost of a DW [45]. Consequently, DMI
measurements based on DW properties might be sys-
tematically biased by selecting particular regions of the
sample producing stable pinning sites for DWs, although
8we note that examination of pinned DWs has a direct
technological relevance for DW-based spintronic devices.
This sampling bias can be circumvented by using Bril-
louin light spectroscopy (BLS). Here the DMI strength
is obtained by measuring frequency shifts of spin waves
propagating in opposite directions of the sample [31–34].
This method probes DMI over a micrometer length scale
and does not rely on the presence of a DW. Local fluctua-
tions of the magnetic properties, like the one observed in
Fig. 4, are therefore averaged out. Recent BLS measure-
ments in X|CoFeB|MgO heterostructures have system-
atically indicated larger D values than those obtained
by scanning-NV magnetometry and field-driven DW mo-
tion in the creep regime [42]. As already indicated above,
this observation could be explained by considering that
the methods relying on the study of DWs underestimate
the DMI strength since the measurement is performed at
stable pinning sites, corresponding to local defects of the
sample which may degrade the interface. This suggests
that the models used to interpret experimental results
obtained with different methods still need to be refined
when the aim is to obtain accurate measurements of the
DMI strength. In the end, what is desirable both for
physics and applications is not just the average value of
D, but rather its complete distribution.
V. CONCLUSION
In conclusion, we have employed scanning-NV mag-
netometry to probe the strength of the interfacial
DMI at the DW positions in [Ta,TaN,W]|CoFeB|MgO
ultrathin films. By measuring the stray field emanating
from DWs in micron-long wires of such materials,
we observe deviations from the Bloch profile for TaN
and W underlayers that are consistent with a positive
DMI value favoring right-handed chiral spin structures.
While the overall trends are in accord with previous
work involving current-driven wall dynamics, our study
reveals important quantitative discrepancies. Moreover,
our measurements suggest that the DMI constant might
vary locally within a single sample, a possibility also
considered in a recent study of current-driven skyrmions
motion [18]. These results illustrate the importance
of local probes of magnetic states and suggest certain
hypotheses for extracting the DMI value from DW
motion experiments require great care and depend
strongly on assumptions made on the dynamics. Given
its operability under ambient conditions, we believe NV
scanning magnetometry offers important new ways to
study the magnetism of ultrathin films.
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